The solidification behavior of the Al-12.6% Si (A1), the hypereutectic Al-20%Si (A2) and the Al-20%Si-1.5% Fe-0.5%Mn (A3) (in wt. (%)) alloys, at different cooling rates is reported and discussed. The cooling rates ranged between 0.93 °C/s and 190 °C/s when cast in sand and copper wedge-shaped molds, respectively. A spheroidization heat treatment was carried out to the alloys in the as-cast condition at 540 °C for 11 hours and quench in water with a subsequent heat treatment at 170 °C for 5 hours with the purpose of improving the mechanical properties. The samples were characterized by optical microscopy, scanning electron microscopy and mechanically by tensile test, in order to evaluate the response of the heat treatment on the different starting microstructures and mechanical properties. It was found that alloys cooled at rates greater than 10.8 °C/s had a smaller particle size and better distribution, also showed a greater response to spheroidization heat treatment of all silicon (Si) phases. The spheroidization heat treatment caused an increase in the ultimate tensile stress (UTS) and elongation when compared with the alloys in the as-cast condition. The highest UTS value of 174 MPa was obtained for the (A1) alloy.
Introduction
Aluminum-Silicon (Al-Si) alloys are the most important of the Al alloys, these are classified in three groups: hypoeutectic (<11 wt. (%) Si), eutectic (11-13 wt. (%) Si), and hypereutectic (>13 wt. (%) Si). The hypereutectic alloys are attractive to the automotive industry and desirable for wear resistant applications, where high strength and low weight ratio are required 1, 2 . The microstructures of the hypereutectic Al-Si alloys could be considered as metal-matrix composites (MMC) reinforced by hard particles. Previous studies have reported that the mechanical properties of Al-Si alloys depend on several microstructural parameters such as grain size, secondary dendrite arm spacing (SDAS), distribution of hard phases, the presence of secondary phases or Fe -intermetallic compounds, the morphology of Si particles (size, shape and distribution) and porosity. These are associated with the alloy composition, eutectic modification, degassing and solidification rates [3] [4] [5] [6] [7] .
In spite of the advantages of hypereutectic Al-Si alloys, their insufficient strength, low ductility and low fracture toughness impede efforts to widen their applications 8 . Therefore, an important scientific task could be the optimization of the casting and solidification processes to enhance the aforementioned properties. Poor ductility was found in microstructures solidified at low cooling rates (>1 °C/s) that showed an overgrowth of primary Si in the Al matrix, as well as a large fraction of coarse acicular eutectic Si. On the other hand, rapid cooling may produce fragility in thin-section castings 9 . In order to minimize the above-mentioned problems and to improve the mechanical properties, several solutions such as addition of alloying elements, control of the solidification rates and performing different heat treatments have been proposed 10 . Spheroidization heat treatment may improve the mechanical properties of the alloy by increasing the elongation, without a loss in mechanical strength. The resultant microstructure is characterized by spheroidized Si particles, which lead to less stress concentration when compared to acicular Si morphologies. During the heat treatment, the morphology of the eutectic Si is modified from needle shaped to a more spherical geometries 11 . In addition, the spheroidized Si particles and refined precipitates can provide a retard in cracks nucleation, resulting in a much-improved casting ductility 12 . Semi-rapid solidification rates may be adequate to induce microstructural changes such as refinement of phases, including the Fe-Si intermetallic compounds, increasing the solubility of some elements in the matrix, modification of acicular eutectic silicon and suppress the formation of detrimental precipitates [13] [14] [15] . Besides, the modified microstructures, by the effect of cooling, have shown a positive response to the subsequent heat treatment, which gives them the final mechanical properties.
The objective of the present work is to evaluate the effect of cooling rates and the spheroidization heat treatment on the microstructures of Al-Si alloys: (A1) Al-12.6 wt. (%) Si, (A2) Al-19 wt. (%) Si and (A3) Al-19%Si-1.5%Fe-0.5%Mn to determine the best microstructural morphology in order to improve the mechanical properties. For this purpose, the alloys were solidified in different molds: sand, iron and a cooper wedge-shaped mo ld. The A3 alloy with the same Si level (20 wt. (%)) that the A2 alloy but with higher iron level, was also proposed in order to study the effect of Fe-intermetallic compounds on the microstructure and mechanical properties.
Experimental Procedure
The Al-12.6Si, Al-20Si and Al-20Si-1.5Fe-1.5Mn (in wt. (%)) alloys denoted in this work as A1, A2 and A3 respectively, were produced with commercial pure metals (99.8%) in a gas furnace. Before casting, the melts were degassed with hexachloroethane to reduce the hydrogen levels and then a commercial Al-Ti-B alloy was added for grain refinement.
For achieving different cooling rates, the alloys were poured into rectangular molds of different heat extraction media i.e. sand and iron. Mold dimensions are 10 × 1 × 6 cm (long, wide and height). For semi-rapid and rapid solidification, a 2.5 cm thickness wedge-shaped copper mold with a cavity angle of 7° and 1 × 10 × 10 cm (long, wide and height) was used. The chemical composition of the alloys was analyzed by optical emission spectroscopy (OES), and the results are shown in Table 1 .
After casting, the alloys were heat treated for 11 hours at 540 °C in a tube furnace followed by quenching into a water container, and then the alloys were heated at 250 °C for 3 hours to modify the Si phases. The samples were metallographically prepared up to 4000 grade SiC paper, and polished with Al 2 O 3 particles of 0.5 μm before the microstructural analysis. The microstructures were analyzed by optical microscopy (OM) and scanning electron microscopy (SEM). In addition, punctual SEM-microanalysis was carried out for analyzing and identification of phases.
Additional ingots were solidified at the same cooling rate reached in the upper part of the wedge-shape mold by using a rectangular copper mold to provide samples for the mechanical properties evaluation. Rectangular tensile specimens (with total length = 10 cm, width = 0.64 cm, thickness = 0.6 cm and gauge length = 2.54 cm) were machined according to the ASTM-E8 standard. All tensile tests were performed at room temperature using a 10 t Shimatzu AG-100 electromechanical machine with a fixed cross head speed of 0.5 s-1. Figure 1 shows the optical micrographs of the alloys that were solidified at slow cooling rates. The microstructure of the A3 alloy consisted of coarse pro-eutectic Si particles, Fe-intermetallic compounds of light gray color and fine scale ternary eutectic (Al + Si + β) phase, as shown in Figure 1c . The sequence of the solidification indicates that the large Fe-intermetallic compounds (with and average size of 6.7 ± 3.2 × 10 3 μm 2 ) and coarse pro-eutectic Si phase were formed at the beginning, during slow cooling.
Results and Discussion

Microstructural characterization of alloys in the as-cast condition
The Al-matrix and the eutectics seem to be formed during the final cooling stage. This figure also shows that the microstructure of the A3 alloy consists of two intermetallic compounds. These compounds are: a) large cube-shaped Fe-intermetallic with a composition of Al 46. 5 As it is well known, the manganese (Mn) is able to change the morphology of the iron-rich phase from platelets to a more cubic form or globules 16 . These morphologies drastically improve the tensile strength, elongation, and ductility. However, the coarse Fe intermetallic compounds formed at slow cooling rate are detrimental for the mechanical properties.
The commercially pure Al, usually contains traces of Fe and Mn. The solid solubility of Fe in Al is very low, therefore, high Fe contents tends to form intermetallic compounds 17, 18 . The ingot of Al used to produce the master alloy contained low percentage of Fe ~ 0.2 wt. (%). Although the Fe content was not significant to form the largest intermetallic compounds in A1 and A2 alloys, fine needles-shaped of β-Al 5 FeSi phase were formed.
Most coarse pro-eutectic Si particles were observed at the boundaries of intermetallic compounds, indicating that the Fe-intermetallic compound surface may act as a nucleation site. The microstructures of the alloys solidified in the iron mold (Figures 1d-f) The wedge-shaped ingots provided different cooling rates, allowing the evaluation of the microstructure evolution as a function of chemical composition and cooling rates 19, 20 . Figure 2 shows the microstructures of the three alloys obtained in the upper, middle and tip parts of the wedge shaped ingot.
Small pro-eutectic Si particles and eutectic Al + Si, distributed in the Al-matrix, constituted the microstructure of the A1 alloy solidified in the upper part of the ingot. The A2 alloy showed pro-eutectic Si particles (average size 338 ± 2.3 μm 2 ) and the eutectic (Al + Si) phase in the Al-matrix, while the A3 alloy was constituted for the same phases that the A2 alloy, plus the Fe-intermetallic compounds. The rod-shaped compounds with an average size of 178 ± 2.3 μm 2 and the needle-shaped compounds were identified as δ-Al 4 FeSi 2 and the β-Al 5 FeSi, respectively. The higher cooling rates achieved with the wedge shaped mold caused a change in the morphology of the δ-Al 4 FeSi 2 phase and a decrease in the magnitude of the β-Al 5 FeSi phase when compared with the alloys solidified in sand and iron molds. Besides the above-mentioned predominant Fe-intermetallic compounds, there were found other varieties of Fe-compounds, such as Al 60. 4 The increase of cooling rate from the upper part toward the tip region caused an increase in the solubility of Si in the Al-matrix and a gradual disappearance of pro-eutectic Si in A1 and A2 alloys. With the increase of cooling rates, the δ-Al 4 FeSi 2 and β-Al 5 FeSi phases did not disappear but their size decreased. These results were found to be in good agreement with the studies reported by Rajabi et al. 21 and Srivastava et al. 22 . They established that the size and volume fraction of Fe-intermetallic compounds increased when increasing iron content, and decreased when increasing the cooling rate. The persistent pro-eutectic Si particles at the tip of the A3 alloy can be attributed to the presence of fine Fe-intermetallic compounds, which acted as nucleation sites even at high solidification rates.
Regarding the eutectic phase, the cooling rate caused a modification in its morphology. For instance, the microstructure of the alloys cooled in a sand mold, showed a class 1 eutectic (unchanged), while the eutectic formed in the alloys cooled in the central part of copper wedge-shaped mold seemed to be of class 3 (partially modified).
From the optical micrographs the secondary dendrite arm spacing (SDAS) was measured in order to establish the cooling rates of the alloys solidified in different molds. For this purpose, the following equation 23 was employed to calculate the cooling rates, R: log R = -2.5 log λs + 4.5 (1) where λs is the secondary dendrite arm spacing (in μm), R is the cooling rate (in °C/s). Table 2 shows the cooling rates, calculated using Equation 1, and employing the experimental secondary dendrite arm spacing (SDAS). In the investigated alloy, the increase of the solidification rate resulted in a significant reduction of the SDAS.
The smallest size of SDAS was obtained in the tip region of the cooper wedge-shaped mold for the A3 alloy, whilst the largest SDAS was observed in the A1 alloy cooled in sand mold. The matrix refinement shown in A3 alloy can be explained by the fact that, the fine Fe-intermetallics compounds were initially formed from the liquid, before the formation of any other phase, and therefore acted as nucleation sites.
Characterization microstructural of alloys
after heat treatment Figure 3 shows the microstructures of the alloys solidified in sand and iron molds after the heat treatment of spheroidization. As can be observed, the eutectic Si with the highest degree of spheroidicity was obtained in the A1 alloy, which was solidified in the iron mold. The eutectic Si of the alloys that were solidified in sand mold was found to be partially espheroidized. This result was attributed to the coarse size of the eutectic Si. The morphology and size of the eutectic Si are important because in a partially modified eutectic, achieved by adding additive elements or by rapid solidification, the initial stages of the heat treatments are short and therefore a more complete transformation will be obtained. Figure 4 shows the microstructures of the wedge-shaped ingots of the alloys after the spheroidization heat treatment. From these figures, it is possible to observe that the microstructure solidified at high cooling rates, caused a high degree of transformation of the eutectic Si. Besides, high 
Evaluation of the mechanical properties
The tensile test was carried out with samples from the rectangular copper mold that simulates the cooling rate of the upper part of the wedge-shape mold. These samples represent the best condition to be evaluated; since the alloys solidified at slow cooling rates (1.4 < °C/s) are constituted by detrimental coarse phases, and the alloys solidified at high cooling rates (tip, 190 °C/s) showed high contents of Si dissolved in the Al-matrix that provokes fragility in the alloy.
The results of mechanical properties of the as-cast and heat treated alloys are shown in Table 3 . For the alloy in the as-cast condition, the A1 alloy showed the highest values of ultimate tensile stress (UTS) and elongation (%) with 141 ± 2.5 MPa and 3.78%, respectively. However, for the A3 alloy with high Si and Fe content, the UTS and the elongation decreased down to 129 ± 2.5 MPa and 1.47%, respectively.
After the spheroidization heat treatment, the mechanical properties of the three alloys increased. The minimum UTS (159 ± 2.5 MPa) and elongation (2.4%) values reached were obtained in A3 alloy, while the maximum values were obtained for the A1 alloy, reaching an elongation up to 6.4% and UTS of 174 ± 2.5 MPa. The highest UTS obtained in the A1 alloy is slightly lower than the results reported by Darvishi et al. 24 . That difference could be attributed to the refinement in their reported microstructure, which was modified with P and Sr additives.
The secondary dendrite arm spacing (SDAS) is not the only factor that affects the mechanical behavior of any given alloy. The A3 alloy with the small SDAS showed the lower UTS and elongation values. This can be attributed to the high iron content that produced a considerably large amount of coarse Fe-intermetallic compounds in the matrix and the small effect of Mn to neutralize the Fe content. When an alloy contains high iron contents, the UTS tends to decrease. Fe-intermetallic compounds are detrimental to the mechanical properties, since its fracture toughness under tensile load is much lower than that for Al matrix or Si particles 25 .
Conclusions
The microstructural analysis of Al-12.6% Si (A1), hypereutectic Al-20%Si (A2) and Al-20%Si-1.5% Fe-0.5%Mn (A3) (in wt. (%)) alloys solidified at different cooling rates (1-190 °C/S) was carried out. The cooling rates ranging from 10 °C/s to 50 °C/s favored the formation of microstructures with good distribution of fine pro-eutectic Si and intermetallic compounds. Slow cooling rates (1.4 < °C/s) tended to form detrimental coarse phases, while high cooling rates (190 > °C/s) caused high dissolution of Si contents in the Al-matrix, causing fragility of the alloys and therefore, affecting drastically their mechanical properties.
The spheroidization heat treatment carried out on samples solidified at 10-20 °C/s increased the ultimate tensile stress (UTS) and elongation values compared with the alloys in the as-cast condition. The highest elongation (6.4%) and UTS (174 ± 2.5 MPa) values were obtained for the A1, while the A3 alloy showed the lowest elongation (2.4%) and UTS (159 ± 2.5 MPa) values. This was attributed to the negative effect of the Fe-intermetallic compounds.
